Tuberculosis remains the leading infectious cause of mortality in the world (1) . Tuberculous pleural effusions occur in approximately 30% of patients with tuberculosis (2) . Tuberculosis is a chronic mycobacterial infection caused by Mycobacterium tuberculosis (MTB); it is characterized morphologically by the formation of granulomas, compact organized collections of cells in infected tissues (3) that protect the host by sequestering invading microbes. MTB infection results in chronic inflammation characterized by the migration of mononuclear cells to the site of infection (4) . Macrophage inflammatory protein 1 ␣ (MIP-1 ␣ ) and monocyte chemoattractant protein 1 (MCP-1) (C-C chemokines) are chemotactic for mononuclear cells. MIP-1 ␣ , a low molecular weight heparinbinding protein, is known to exert chemotactic and activating effects on phagocytic mononuclear cells (5) . MCP-1 is an 8.7-kD protein, and has specific chemoattractant and activating activity for monocytes under inflammatory conditions (5) .
Cytokines secreted by T cells after antigenic stimulation are the determinants of T cell function. On the basis of functional heterogeneity and their predominant cytokine secretion profiles, CD4 ϩ helper T (Th) cells have been subdivided into Th1 and Th2 subpopulations. Th1 cells secrete interleukin 2 (IL-2), interferon ␥ (IFN-␥ ), and lymphotoxin and are responsible for the delayed-type hypersensitivity (DTH) reaction, whereas Th2 cells secrete IL-4, IL-5, IL-6, and IL-10 and render B cell help (6) . Th1 and Th2 responses are reciprocally cross-regulated by IFN-␥ , which inhibits Th2 (7), and IL-10, which inhibits the Th1 response (8) .
Mesothelial cells are metabolically active cells that line the pleura in a continuous monolayer. Chemokine synthesis is induced in various cells by inflammatory stimuli. Pleural mesothelial cells were observed to produce C-C chemokines on stimulation by inflammatory mediators (9, 10) ; however, the mechanisms of their regulation in MTB infection are still undefined. Studies have attempted to draw a correlation between disease resistance/susceptibility and Th1/Th2 responses, respectively, in parasitic infections (11) . However, the extent to which the helper cytokine subsets regulate the inflammatory process is yet to be determined. To delineate whether Th1 and Th2 cytokines have any regulatory role in pleural mesothelial cell (PMC) chemokine expression we probed the effect of IFN-␥ and IL-4 on PMC chemokine expression in the presence of heat-killed bacillus Calmette-Guérin (BCG) in vitro . In the present study we demonstrate that when mouse pleural mesothelial cells are stimulated in vitro with heatkilled BCG, they express MIP-1 ␣ and MCP-1 mRNA and release the protein in a time-dependent manner. IFN-␥ has an additive effect on the BCG-stimulated C-C chemokine response in PMCs whereas IL-4 has an inhibitory effect. The BCG stimulation resulted in an increase in IFN-␥ and IL-4 re-ceptors on the PMCs. These observations suggest that pleural mesothelial cell production of MIP-1 ␣ and MCP-1 is influenced by the Th1 and Th2 cytokines and thus the mononuclear cell migration into the pleural space may also be regulated by their effects.
METHODS

Animals, Antibodies, and Reagents
C57BL/6 female mice, 6 wk old, were purchased from Harlan Sprague Dawley (Indianapolis, IN) and used in this study. Also purchased were penicillin and streptomycin for cell culture, nonspecific rat IgG (Sigma Chemical Co., St. Louis, MO), rat anti-mouse IFN-␥ receptor antibody, rat anti-mouse IL-4 receptor antibody, goat anti-rat IgG conjugated to fluorescein isothiocyanate (FITC) (PharMingen, San Diego, CA), bacillus Calmette-Guérin (American Type Culture Collection [ATCC], Rockville, MD), F12K medium (GIBCO Laboratories, Grand Island, NY), and fetal bovine serum (FBS; Harlan Sprague Dawley).
Isolation and Characterization of Mouse Pleural Mesothelial Cells
PMCs were obtained by collagenase digestion of visceral and parietal pleura (12) . The cells were suspended in F12K culture medium containing 10% FBS and a combination of penicillin (100 U/ml) and streptomycin (100 g/ml). The cells were plated in 75-cm 2 culture flasks and incubated overnight at 37 Њ C in a 5% CO 2 atmosphere. The next day nonadherent cells were removed. The medium was changed three times weekly thereafter. The cells grew to confluence in approximately 7-14 d. The mesothelial cells were characterized by the presence of classic cobblestone morphology (13) , the absence of factor VIII antigen, and the presence of cytokeratin (14) . All cells were used between the second and fourth passages.
Antigenic MIP-1 ␣ and MCP-1 Production In Vitro
To evaluate the concentration-dependent effect of IFN-␥ and IL-4 on PMC chemokine expression, PMCs (0.5 ϫ 10 6 /ml) were incubated in the presence of heat-killed BCG (1 ϫ 10 6 CFU), along with varying concentrations of recombinant mouse IFN-␥ (50, 100, 250, 500, and 1,000 U/ml) and recombinant mouse IL-4 (5, 10, 20, 40, 80 ng/ml), for 24 h in serum-free medium at 37 Њ C and 5% CO 2 . The PMC culture medium was collected for MIP-1 ␣ and MCP-1 estimation by enzymelinked immunosorbent assay (ELISA), and the cells were saved for total RNA extraction for reverse transcriptase-mediated polymerase chain reaction (RT-PCR). PMCs were also incubated in serum-free medium, in the presence of BCG, BCG ϩ IFN-␥ (500 U/ml), or BCG ϩ IL-4 (40 ng/ml), at 37 Њ C in 5% CO 2 . The cultures were terminated at different time points (6, 12, 24 , and 48 h), supernatants were collected, and MIP-1 ␣ and MCP-1 levels were measured by sandwich ELISA.
Antigenic MIP-1 ␣ and MCP-1 Analysis in PMC Culture Fluids MIP-1 ␣ and MCP-1 levels in the PMC culture supernatant were estimated by a sandwich ELISA (Quantikine; R&D Systems, Minneapolis, MN). The procedure followed was that suggested by the manufacturer. Briefly, 50-l aliquots of PMC culture medium were added to 96-well microtiter plates, coated previously with anti-chemokine polyclonal antibody, and incubated at room temperature (RT) for 2 h. The wells were blocked with 2% bovine serum albumin (BSA) in phosphate-buffered saline (PBS). The chemokines were detected by incubation with peroxidase-conjugated MIP-1 ␣ -or MCP-1-specific antibodies at RT for 2 h. The microtiter plates were rinsed with PBS-Tween 20 (0.05% Tween 20 in PBS) and developed with substrate o -phenylenediamine (OPD) plus H 2 O 2 . The color intensity was measured at 450 nm with an ELISA reader. The minimum detectable levels of the assay were Ͻ 1.5 pg ր ml for MIP-1 ␣ and Ͻ 2.0 pg ր ml for MCP-1.
Isolation of RNA and Reverse Transcriptase-mediated Polymerase Chain Reaction
Total cellular RNA was isolated from PMCs by using Tri-reagent as reported earlier (10) . One microgram of total RNA was reverse transcribed into cDNA. The first strand of cDNA was synthesized in a total volume of 20 l in the presence of 5 mM MgCl 2 , 50 mM KCl, 10 mM Tris-HCl (pH 8.3), 1 mM dNTPs, RNase inhibitor (1 U/ l), 15 M primer, and murine leukemia virus (MuLV) reverse transcriptase (2.5 U/ l; Perkin-Elmer Cetus, Norwalk, CT). The reverse transcription was conducted at 42 Њ C for 15 min and the reaction was stopped by incubation at 99 Њ C for 5 min.
The cDNA was then amplified using specific primers for mouse ␤ -actin as control. Primers for amplification were synthesized by the phosphoroamidite method with a Beckman (Fullerton, CA) 200 A synthesizer, and they were found to be specific for the chemokine tested and not for any other chemokine family member. The primers used were 5 Ј GGTCGTACCACAGGCATTGTG 3 Ј (sense) and 5 Ј GCA-ATGCCTGGGTACATGGTG 3 Ј (antisense) for ␤ -actin, 5 Ј GCT-TCTCCTACAGCCGGAAG 3 Ј (sense) and 5 Ј ACTCTCAGGCA-ATCAGTTCCAG 3 Ј (antisense) for MIP-1 ␣ (GenBank accession no. M19382), and 5 Ј GTCTCTGTCACGCTTCTGG 3 Ј (sense) and 5 Ј GATCTCTCTCTTGAGCTTGG 3 Ј (antisense) for MCP-1 (GenBank accession no. M57441). The PCR was performed with 5 l of RT product in a reaction mixture containing 2 mM MgCl 2 , 50 mM KCl, 10 mM Tris-HCl (pH 8.30), specific oligonucleotide primers (15 M), and 2.5 U of Taq DNA polymerase (Perkin-Elmer Cetus). The samples were amplified in a thermal cycler (GeneAmp PCR system 9600; Perkin-Elmer Cetus), preheated for 90 s at 95 Њ C. Amplification required 30 cycles, each cycle consisted of denaturation at 95 Њ C for 15 s, primer annealing at 58 Њ C for 30 s, and extension at 72 Њ C for 30 s. (For MIP-1 ␣ the annealing and extension were carried out at 64 Њ C for 30 s.) The amplification products were analyzed by agarose gel electrophoresis and their identities were initially confirmed after sequence determination.
Detection of IFN-␥ and IL-4 Receptor Expression by Flow Cytometry
The mesothelial cells were stimulated with heat-killed BCG (1 ϫ 10 6 CFU/ml) for varying times at 37 Њ C, in a 5% CO 2 atmosphere. PMCs stimulated with lipopolysaccharide (LPS) served as positive control. The PMCs were trypsinized and washed three times in PBS with 2.5% BSA and 5 mM sodium azide and incubated for 45 min at 4 Њ C, either in presence of rat anti-mouse IFN-␥ receptor (IFN-␥ R) or IL-4 receptor (IL-4R) monoclonal antibody (1 g/10 6 cells) or rat IgG isotype. Cells were washed three times and incubated with goat anti-rat IgG-FITC conjugate to detect the antibody bound to the antigen. After incubations the cells were washed three times and fixed in 4% paraformaldehyde. The fluorescence associated with the cells was analyzed by flow cytometry using a FACStar (Becton Dickinson Immunocytometry Systems, Mountain View, CA). Fluorescence data were presented on a log scale and the relative fluorescence intensity was reported by comparing their light scatter characteristics with those of normal cells analyzed in the same experiment.
Statistical Analysis
The significance of differences between experimental and control group means was tested with a two-tailed Student's t test. The difference between group means was tested by Kruskal-Wallis one-way analysis of variance on ranks. A p value Ͻ 0.05 was considered significant.
RESULTS
Activated PMCs Release C-C Chemokines In Vitro
When PMCs (0.5 ϫ 10 6 /ml) were stimulated with BCG or with BCG ϩ IFN-␥ , they released MIP-1 ␣ and MCP-1 antigenic protein in a time-dependent manner ( Figures 1A and 1B) . Figure 3A shows that IFN-␥ upregulated BCG-induced chemokine expression in mouse pleural mesothelial cells. IFN-␥ was ineffective at lower concentrations, but at higher concentrations IFN-␥ potentiated BCG-mediated expression of MIP-1␣ and MCP-1. IFN-␥ at 50 U/ml did not induce any significant enhancement; however, at 100 U/ml a marginal increase was noticed. With IFN-␥ at 250 U/ml the MIP-1␣ and MCP-1 response significantly increased to 7,496 Ϯ 245 and 5,864 Ϯ 167 pgրml, respectively. The MIP-1␣ and MCP-1 response reached a maximum of 9,147 Ϯ 208 and 6,959 Ϯ 192 pg/ml, respectively, at 1,000 U/ml. The MIP-1␣ response was relatively higher than the MCP-1 response. IFN-␥ was more effective in enhancing the chemokine response at higher concentrations. MIP-1␣ and MCP-1 mRNA expression was also increased at higher concentrations of IFN-␥ (Figures 4A and 4B ).
IL-4 Downregulates BCG-mediated Chemokine Expression in PMCs in a Concentration-dependent Manner
BCG alone induced a maximum of 6,279 Ϯ 151 and 5,029 Ϯ 146 pg/ml of MIP-1␣ and MCP-1, respectively. IL-4 at low concentration (5 ng/ml) did not cause significant inhibition; however, at 10 ng/ml it significantly inhibited MIP-1␣ (4,987 Ϯ 204 pg/ml) and MCP-1 (3,878 Ϯ 185 pg/ml) production ( Figure  3B ). The MIP-1␣ and MCP-1 response further declined at an IL-4 concentration of 20 ng/ml. At a 40-ng/ml concentration of IL-4, the MIP-1␣ and MCP-1 response decreased to 1,489 Ϯ 289 and 1,172 Ϯ 178 pg/ml, respectively. The MIP-1␣ and MCP-1 response was further decreased to 1,108 Ϯ 169 and 967 Ϯ 195 pg/ml, respectively, at an 80-ng/ml concentration of IL-4. The difference between the inhibitory effect of 40-and 80-ng/ ml concentrations of IL-4 was insignificant. IL-4 affected BCG-induced chemokine mRNA expression in mouse PMCs ( Figures 5A and 5B) . At low concentrations IL-4 did not demonstrate any inhibition of PMC chemokine expression. However, at higher concentrations IL-4 inhibited BCG-mediated MIP-1␣ and MCP-1 mRNA expression.
BCG Stimulates IFN-␥ and IL-4 Receptor Expression in PMCs
PMCs were stimulated with LPS to induce IFN-␥ and IL-4 receptor expression as a positive control for comparison with BCG-mediated receptor expression. Resting pleural mesothelial cells expressed low levels of IFN-␥ and IL-4 receptors. When PMCs were stimulated with BCG a significant increase in both IFN-␥R and IL-4R was noted ( Figure 6 ). BCG stimulated IFN-␥R and IL-4R receptor expression in a time-dependent manner (data not shown). Maximum expression was noticed after 24 h, and the response plateaued thereafter.
DISCUSSION
Pleuropulmonary tuberculosis is the most common infectious cause of pleural effusions in several parts of the world. The pleural space is lined with a monolayer of mesothelial cells and PMCs are the first cells to encounter organisms invading the pleural space. Mycobacterial infection results in granulomatous inflammation with a predominant accumulation of mononuclear phagocytes (4). Pleural effusions due to tuberculosis are characterized by the presence of mononuclear cells (15) . MIP-1␣ and MCP-1 are chemotactic for mononuclear phagocytes (5) . The recruitment of monocytes to the site of inflammation is crucial to the perpetuation of the inflammatory response. Several locally generated chemokines are responsible for the movement of inflammatory cells from the vascular compartment into the pleural space. In earlier studies we demonstrated that stimulated pleural mesothelial cells release C-C and C-X-C chemokines (9, 10) . The chemokines released by PMCs are responsible in part for initiating the inflammatory response that recruits mononuclear cells to the pleural space. The current investigation demonstrates in vitro that Th1-derived cytokine IFN-␥ and the Th2-derived cytokine IL-4 have a regulatory role in MIP-1␣ and MCP-1 expression in mouse pleural mesothelial cells. Heat-killed mycobacteria were found to enhance MIP-1␣ and MCP-1 expression in mouse PMCs, and the addition of IL-4 resulted in inhibition of this response. The inhibitory response of IL-4 was concentration dependent. IL-4 at lower concentrations was not effective; however, at 20 ng/ml it significantly inhibited BCG-medi- ated chemokine expression. The chemokine response was increased further when PMCs were incubated in presence of IFN-␥ together with BCG. IFN-␥ potentiated the chemokine response in a concentration-dependent manner. BCG also induced IFN-␥ and IL-4 receptor expression on PMCs.
Th1 and Th2 cells are known to develop from a common precursor and if the primary stimulation of CD4 ϩ cells is accompanied by IL-4, a Th2 cytokine switch is elicited (16); on the other hand, the presence of IL-12 favors the Th1 cell phenotype (17) . Evidence suggests that antigen priming in a large population of lymphocytes results into three predominant types of cells: Th1, Th2, and a third type, Th0, which contributes by providing lymphokines of both mature subsets (18) . Mycobacterial antigens elicits Th1 effector function (19) ; in contrast, HIV infection leads to a shift from the Th1 to Th2 cytokine response (20) .
C-C chemokines are recognized as important mediators in a variety of inflammatory states (5). Mesothelial cells, on activation, produce C-C chemokines (9, 10) . The mechanisms whereby the pleural mesothelial responses are regulated in pleural tuberculosis remain unknown. When PMCs were stimulated in vitro with PCG they produced MIP-1␣ and MCP-1 in a time-dependent manner ( Figures 1A and 1B) . These observations were further supported by enhanced chemokine mRNA expression as demonstrated by RT-PCR. The chemokine release was detectable as early as 6 h and lasted for up to 48 h. Phagocytosis of M. tuberculosis induced MCP-1 (21) and IL-8 (22) expression in monocytic cells. Mycobacterium tuberculosis induced MIP-1␣ and MCP-1 production in monocytes and alveolar macrophages (23) , and C-C and C-X-C chemokine levels were elevated in the bronchoalveolar fluid of patients with tuberculosis (24) . Besides, the infection of murine macrophages with M. tuberculosis was found to induce chemokine expression (25) , which suggests that mycobacteria are capable of inducing chemokine expression.
IFN-␥ is a pleiotropic cytokine secreted by natural killer (NK) and T cells, and it has been found to be essential for the development of protective cell-mediated immunity to tuberculous mycobacterial pathogens. When PMCs were incubated with IFN-␥ along with BCG an additive effect was noticed in the chemokine response. The additive effect of IFN-␥ was concentration dependent ( Figure 3A ). Higher concentrations of IFN-␥ were more effective in potentiating the chemokine response. This enhanced response was also confirmed at the mRNA level by RT-PCR studies ( Figures 4A and 4B) . In a similar study, IFN-␥ was found to potentiate the C-C and C-X-C chemokine expression in peripheral blood monocytes and neutrophils (26) . At the site of M. tuberculosis infection, elicited mononuclear cells can become activated and synthesize a number of potent mediators with autocrine and paracrine effector activities (27) . Mycobacterium tuberculosis stimulated IFN-␥ production in human peripheral blood lymphocytes (19) . IFN-␥ was detected in pleural fluid from patients with tuberculosis and IFN-␥ was selectively concentrated 5-to 30-fold in the pleural fluid, compared with blood from the same patients (27) . This indicates that in tuberculous pleuritis the IFN-␥ levels may exceed physiological levels in the pleural compartment. Besides, M. tuberculosis cell wall components were found to enhance IFN-␥ production in pleural fluid mononuclear cells (19) . Thus IFN-␥ released in response to mycobacterial infection may also amplify the PMC production of MIP-1␣ and MCP-1.
In our studies, addition of IL-4 to BCG-stimulated PMC cultures resulted in a lower yield of chemokines when compared with PMC cultures that were stimulated with BCG alone ( Figure 3B ). RT-PCR studies also reveal a clear decrease in specific mRNA. Studies have demonstrated that IL-4 destroys the mRNA of inflammatory cytokines at the posttranscriptional level (28) . Our results by RT-PCR also suggest that IL-4 inhibits MIP-1␣ and MCP-1 mRNA expression in a concentration-dependent manner ( Figures 5A and 5B) . The lower concentration of IL-4 was ineffective in decreasing the chemokine mRNA. The suppressive effect of IL-4 was time dependent, and at 48 h IL-4 lost its inhibitory effect. Other studies have demonstrated that IL-4 downregulates IL-1␤ and TNF-␣ in peripheral blood monocytes in inflammatory bowel disease in a dose-dependent manner (29) . In human synovial fibroblats IL-4 downregulated and IFN-␥ enhanced the TNF-␣-and IL-␤-induced expression of RANTES (30) . Besides, IFN-␥ enhanced MCP-1 expression in renal cortical epithelial cells (31) , and in neutrophils it enhanced the LPSmediated expression of MIP-1␣, MIP-␤, and IL-8 (26) . Thus, in several cell types other than PMCs, Th1-and Th2-derived cytokines were found to regulate chemokine expression.
In general, the IFN-␥ receptor is expressed on cell surfaces at low levels; however, certain tumor cell lines such as EL-4 exhibit high levels of IFN-␥ receptors without stimulation. To delineate the mode of action of IFN-␥ and IL-4 on BCGinduced chemokine expression, we examined their respective functional receptor expression on PMCs. Flow cytometry studies demonstrated that resting PMCs express moderate amounts of IFN-␥ and IL-4 receptors. When PMCs were stimulated with BCG, both IFN-␥ and IL-4 receptor expression was increased significantly, suggesting that BCG, apart from potentiating MIP-1␣ and MCP-1, was also inducing cytokine receptor expression (Figure 6 ). Other bacteria, such as Sta- phylococcus aureus, have been reported to increase IL-4 receptor expression in B cells (32) . In mice, the lack of a functional IFN-␥ receptor resulted in an altered cytokine (TNF-␣, IL-1␣, and IL-6) response to BCG infection, and the IFN-␥ receptor was found to be essential for the recovery of mice from BCG infection (33) . IFN-␥ enhances IL-4 receptor expression in a murine macrophage cell line and bone marrow-derived macrophages (34) , and IL-4 enhances IL-4 receptor expression in resting T and B cells (35) . Once the cytokines bind to their respective receptors they are rapidly internalized. As the PMCs express both IFN-␥ and IL-4 receptors in significant numbers, it may be construed that IFN-␥ and IL-4, by binding to their receptors on PMCs, are modulating the chemokine expression in PMCs. However, at the later time period (48 h), although the IL-4 receptor was still present, the inhibitory effect of IL-4 was diminished as indicated by protein and mRNA levels. This could be due to inactivation of IL-4 during the longer incubation period in vitro, or it may be due to its rapid metabolism in cells.
The significance of this study is that in tuberculous pleuritis mycobacteria induce chemokine release from the mesothelium, resulting in the initiation of pleural inflammation and subsequent recruitment of mononuclear phagocytes to the pleural space. Pleural mesothelial cell expression of MIP-1␣ and MCP-1 in mycobacterial infection is regulated, in part, by Th1 and Th2 cytokines and the progress of the pleural infection is likely to depend on the relative levels of Th1 and Th2 cytokines present in the milieu of the pleural space. 
